The transcription factor Evi1 has an outstanding role in the formation and transformation of hematopoietic cells. Its activation by chromosomal rearrangement induces a myelodysplastic syndrome with progression to acute myeloid leukemia of poor prognosis. Similarly, retroviral insertion-mediated upregulation confers a competitive advantage to transplanted hematopoietic cells, triggering clonal dominance or even leukemia. To study the molecular and functional response of primary murine hematopoietic progenitor cells to the activation of Evi1, we established an inducible lentiviral expression system. EVI1 had a biphasic effect with initial growth inhibition and retarded myeloid differentiation linked to enhanced survival of myeloblasts in long-term cultures. Gene expression microarray analysis revealed that within 24 h EVI1 upregulated 'stemness' genes characteristic for long-term hematopoietic stem cells (Aldh1a1, Abca1, Cdkn1b, Cdkn1c, Epcam, among others) but downregulated genes involved in DNA replication (Cyclins and their kinases, among others) and DNA repair (including Brca1, Brca2, Rad51). Cell cycle analysis demonstrated EVI1's anti-proliferative effect to be strictly dose-dependent with accumulation of cells in G 0 /G 1 , but preservation of a small fraction of long-term proliferating cells. Although confined to cultured cells, our study contributes to new hypotheses addressing the mechanisms and molecular targets involved in preleukemic clonal dominance or leukemic transformation by Evi1.
INTRODUCTION
The zinc finger transcription factor EVI1, encoded by the complex Mecom locus, is a master regulator of hematopoiesis. Its prominent oncogenic function was discovered using replicating retroviruses as insertional mutagens. 1 Insertional mutagenesis by replicationdeficient retroviral vectors confirmed that activation of Evi1 is a driver mutation establishing premalignant clonal expansion. [2] [3] [4] [5] Likewise, in human hematopoiesis, chromosomal rearrangements of MECOM on chromosome 3q26, or insertions of gene vectors containing strong enhancers, may activate EVI1 and initiate a myelodysplastic syndrome (MDS), a slowly developing clonal disorder potentially progressing to acute myeloid leukemia (AML) of poor prognosis. 6, 7 Evi1 deletion showed its essential and dose-dependent role in the maintenance of hematopoietic stem cells (HSC) and the propagation of leukemic cells. 8 Next to EVI1, Mecom encodes an even larger MDS1-EVI1 fusion protein with an N-terminal PRdomain. The MDS1-EVI1 (or ME) protein may possess additional chromatin modifying activity, and was found to be essential for the quiescent long-term repopulating HSC (LT-HSC). 9 A knock-in model showed that Evi1 expression is also largely confined to quiescent LT-HSC, 10 triggering the question whether Evi1 induction is cause or consequence of HSC quiescence.
The role of the Evi1 gene in the pathogenesis of leukemia was mostly investigated using mouse models and cell lines. Mice transplanted with bone marrow cells that expressed retrovirally transduced Evi1 developed a MDS, indicating that Evi1 induction creates a preleukemic state and that additional genetic events are required for AML development. Indeed, clear evidence for leukemogenic cooperation of Evi1 with other genes (among others, Nras) was obtained. [11] [12] [13] [14] The first study of the immediate response to EVI1 overexpression in vitro used a human myeloid leukemia cell line using a tetracycline-inducible vector system. This study revealed a dominant, dose-dependent negative effect of EVI1 overexpression, causing an almost complete suppression of cells in the S phase and accumulation in G 0 /G 1 . However, it remained unclear how this anti-proliferative response was related to the transcriptome, whether it was also relevant for primary cells, and how it can be linked to the transforming potential of EVI1. 15 More recently, using retroviral vectors that constitutively express Evi1 in cultured murine hematopoietic cells, microarray studies revealed a mild but significant downregulation of the Pten tumor suppressor by the EVI1 protein, with further studies suggesting a link to long-term malignant progression. 16 In the present study, we designed a robust, inducible expression system to examine the early functional and molecular response of primary murine hematopoietic progenitor cells to the induction of murine Evi1. We focused on the response of hematopoietic progenitor cells to understand how this transcription factor regulates proliferation and differentiation in the population that represents the vast majority of the cells transplanted in gene therapy, and the abundant population of a clone in the case of leukemogenic transformation. Furthermore, we examined the 1 effects in cultured cells as studies performed in the context of gene therapy demonstrated that cytokine-rich cultures select for clones with insertional upregulation of Evi1. 11, [17] [18] [19] We demonstrate that Evi1 has a biphasic effect on the proliferation of primary murine hematopoietic progenitor cells. The early growth suppression was characterized by accumulation of cells in G 0 /G 1 , upregulation of LT-HSC-specific genes, and downregulation of genes involved in DNA replication. In the presence of differentiation-inducing cytokines, the initial growth inhibition was followed by sustained but low-level long-term proliferation, impaired differentiation and enhanced survival of Evi1-expressing myeloblasts.
MATERIALS AND METHODS Mice
C57BL/6J were purchased from Janvier (Le Genest-Saint-Isle, France), and kept in micro-isolators in the pathogen-free animal facility of Hannover Medical School. Rosa26rtTA-nls-Neo2 mice, kindly provided by Stefan Karlsson, Lund, Sweden, were bred with C57BL/6J (CD45.2) and genotyped as described. 20 Experiments were approved by the local ethical committee and performed according to their guidelines.
Vector construction
The coding complementary DNA (cDNA) of the murine Evi1 gene (GenBank: M21829.1), 1 was equipped with a Kozak sequence, codonoptimized (Genscript Corporation, Piscatway, NJ, USA) removing cryptic splice and polyA sites to improve translation and mRNA half-life, and cloned via AgeI and SalI sites into a lentiviral self-inactivating (SIN) vector (pRRL.PPT.Tet.EGFP.pre) under the control of the tetP promoter. 21 To track Evi1 expression, we introduced enhanced green fluorescent protein (EGFP) via an internal ribosomal entry sequence derived from encephalomyocarditis virus in the SalI site downstream of Evi1. The pRRL.PPT.Tet.EGFP.pre vector was used as a control.
Cell lines, vector production and lentiviral transduction Vectors were produced as previously described. 22 In short, human embryonic kidney cells 293T were transfected with 10 mg of pRRL.PPT.Tet.Evi1IRESEGFP.pre, 10 mg of pcDNA3.GP.4 Â CTE (gag/pol), 5 mg of pRSV-Rev and 1.5-2 mg of pMD.G (VSVg) or pK73 (murine ecotropic envelope) using the calcium phosphate method. Supernatants were harvested and optionally concentrated using ultracentrifugation. Supernatants were titrated on SC1A3 cells, a subclone of murine fibroblast SC1 cells obtained after transduction with the vector ES1-2(M2RP) expressing the tetracyclin-dependent transactivator (rtTA).
Isolation, transduction and cultivation of primary cells
Bone marrow cells of Rosa26rtTA-nls-Neo2 mice were flushed out from femurs and tibias and lineage negative (Lin À ) cells were magnetically sorted using lineage-specific antibodies (Lineage Cell Depletion Kit, Miltenyi Biotech, Bergisch Gladbach, Germany). Lin À cells were in StemSpan serum-free medium (Stem Cell Technologies, Vancouver, British Columbia, Canada) supplemented with 2% penicillin/streptomycin, 1% glutamine (both PAA) and one of the following cytokine cocktails (all cytokines from Peprotech, Hamburg, Germany): S3F11 ¼ murine stem cell factor 50 ng/ml, murine interleukin 3 20 ng/ml, human FMS-like tyrosine kinase 3 ligand (hFlt-3) 50 ng/ml, and human interleukin 11 50 ng/ml; 23 or STIF ¼ murine stem cell factor 50 ng/ml, murine thrombopoietin 20 ng/ml, murine insulin-like growth factor 2 20 ng/ml, human fibroblast growth factor 1 (hFGF-1) 10 ng/ml. 24 Following 24-48 h of pre-stimulation, Lin À cells were transduced overnight with lentiviral vectors (MOI of 2-20) on tissue culture plates coated with Retronectin (TaKaRa, Otsu, Japan). Doxycycline (DOX) was added 24 h after transduction. Transduction efficiency indicated by EGFP þ cells was measured 24 h after DOX induction. After 2 weeks of mass culture, limiting dilution was performed by seeding 50 cells per well in 96-well plates in S3F11 cytokines. Cell number and viability were determined using a CASY-TT instrument (Roche Diagnostics GmbH, Mannheim, Germany).
Flow cytometry and cell sorting Expression of EGFP was detected by FACSCalibur flow cytometer (Becton Dickinson, Heidelberg, Germany). Cell cycle analysis was performed using the APC BrdU Flow kit (BD Pharmingen, San Jose, CA, USA) according to manufacturer's protocol. Data were acquired on a FACSCalibur flow cytometer. Raw data were processed using FlowJo software (Tree Star, Ashland, OR, USA). Dead cells were excluded by forward scatter and side scatter gating. Cells were sorted on FACSAria or MoFlo instruments, supervised by the Cell Sorting Unit of Hannover Medical School.
Gene expression microarrays
Evi1/EGFP þ and control EGFP þ cells were sorted and total RNA was prepared using the RNeasy Micro Kit (Qiagen GmbH, Hilden, Germany). Material from three independent experiments (biological replicas) was generated. RNA quality was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany). RNA was amplified by the Applause WT-Amp ST System (NuGEN Technologies, Bemmel, The Netherlands), amplified cDNA was fragmented and biotin labeled using the Encore Biotin Module (NuGEN Technologies) according to manufacturer's protocol. Fragmented and labeled cDNA was hybridized to GeneChip Mouse Gene 1.0 ST Array (Affymetrix, High Wycombe, UK). For validation by real-time PCR and primer sequences, please refer to the Supplementary Information. Microarray data were submitted to the GEO database (http://www.ncbi.nlm.nih.gov/geo; accession number GSE39103).
Statistics and bioinformatics
Results were reported as the mean ± s.d. of individual data points obtained from varying numbers of experiments. Statistical significance was assessed by unpaired two-tailed Student's t-tests or Benjamini-Hochberg multiple testing as indicated below. Microarray data were analyzed using R and Bioconductor. 25 Data quality was assessed using the ArrayQualityMetrics package. 26 Arrays were background corrected, normalized and summarized using RMA. 27 LIMMA was used to detect differentially expressed probesets applying Benjamini-Hochberg multiple testing correction considering false discovery rate of o0.05 significant. 28 For testing enrichment of gene sets, the Broad Institute Gene Set Enrichment Analysis (GSEA) software package was employed. 29 The datasets were collapsed into single genes and rank-ordered by signal to noise ratio. 1000 Gene set permutations were used to estimate statistical significance. Analyzed gene sets were obtained from MSigDB v3.1 and GeneSigDB release 4. 29, 30 See Supplementary Information for further details on microarrays analysis, immunoblots, real-time PCR, cell sorting, array-CGH and cytospin analysis.
RESULTS
An inducible system to over-express murine Evi1 in primary hematopoietic progenitor cells To address the early response of primary hematopoietic cells to Evi1 overexpression we took advantage of the Rosa26rtTA-nlsNeo2 mouse, expressing the reverse tetracycline-inducible transactivator (rtTA) under the control of the ubiquitously active Rosa26 locus (Rosa26rtTA) for pharmacologically regulated induction of transgenes with rtTA-responsive promoters (tetP). 20 To avoid instability of the long Evi1 message and enable robust expression, the coding sequence of the murine Evi1 gene (GenBank: M21829.1) 1 was codon-optimized and cloned into a lentiviral SIN vector under control of the tetP promoter, linking EGFP via an internal ribosomal entry site (Figure 1a) . The resulting protein sequence is identical to the original description of wildtype EVI1 (AAA40581.1, Supplementary Figures 1 and 2 ). 1 Compared to previously used gammaretroviral LTR-driven vectors, the lentiviral integration pattern and SIN configuration decreases but does not eliminate the risk of activating cellular proto-oncogenes as a result of insertional mutagenesis. 31, 32 The vector expressing EGFP only was used as a control.
To examine the early response of Evi1 induction in vitro, Rosa26rtTA Lin À cells were prestimulated for 24 h in the S3F11 cytokine cocktail, 23 overnight transduced with the Evi1/EGFP or EGFP control vector, induced for 24 h with DOX (1 mg/ml) and sorted for Evi1/EGFP þ or EGFP þ cells (Figure 1b) . Immunoblots showed the expected protein with an apparent molecular mass of B145 kDa, induced by 1 mg/ml DOX ( Figure 1c ). RTPCR with a primer set for codon-optimized Evi1 (Evi1co) confirmed the presence of abundant transcripts in the Evi1/EGFP þ sample (Supplementary Figure 3a) . Importantly, in the absence of DOX, Rosa26rtTA Lin À cells transduced with the Evi1/EGFP or the EGFP vector did not show any EGFP þ cells (Supplementary Figure 3b) . Gene expression changes caused by Evi1 upregulation To identify the transcriptional changes caused within 24 h of Evi1 induction in primary hematopoietic cells, we conducted the experiment described in Figure 1b in three independent biological replicas. Genome wide expression profiling with RNA isolated from sorted Evi1/EGFP þ or EGFP þ cells provided highly reproducible effects mediated by EVI1, as shown by the clear separation of the Evi1/EGFP þ and EGFP þ groups by unsupervised hierarchical clustering ( Figure 1d) .
The lists of genes that exhibited X2-fold difference and a BH-adjusted Po0.05 for Evi1/EGFP þ compared to EGFP þ includes 587 upregulated transcripts and 619 downregulated transcripts (Supplementary Tables 1 and 2 ). Table 1 lists the top 40 genes up-or downregulated in Evi1/EGFP þ compared to EGFP þ cells.
To identify the pathways responding to Evi1 induction in primary hematopoietic cells, we used GSEA. 29 (Po0.01). Strikingly, the most gene sets downregulated in Evi1/EGFP þ cells were related to cell cycle progression (Table 2) , even though cells were cultured in a cytokine-rich cocktail ( Figure 2a ). Next, we explored the GeneSigDB database which focuses on cancer and stem cells gene signatures. 30 GSEA revealed that 315 from 2598 gene sets were upregulated in Evi1/EGFP þ cells at Po0.01 compared with EGFP þ . Interestingly, the second top score gene set enriched in Evi1/EGFP þ cells was overrepresented in murine LT-HSC (Table 3, Figure 2b ). [33] [34] [35] [36] [37] Supplementary Table 3 demonstrates an overlap of genes significantly (Po0.05) upregulated in Evi1/EGFP þ cells and murine LT-HSC. 33 Among these genes are Aldh1a1, Cdkn1c, Hoxa5, Hoxb5, Pbx1 and Slamf1. This overlap together with other markers (Abca1, Cdkn1b, Epcam, Ly6a (Sca1), Supplementary Table 1) revealed that the cell cycle suppression signature induced by EVI1 in primary hematopoietic progenitor cells is linked to the induction of LT-HSC associated gene sets (Figures 2c and d) .
Another striking feature of the GSEA was the upregulation by Evi1 of a large number of interferon pathway genes (Supplementary Tables 4 and 5 ). Interestingly, these do not contain the ligands (interferon a, b or g, but rather downstream effectors, such as Stat1, Stat2, Ly6i, Ly6a, Ifit1, Ifit3, Irf1, Irf7, Irf9, etc.
(Supplementary Table 5 ). This suggests a broad effect of EVI1 on the regulation of cytokine signaling rather than an innate immune response caused in our experimental system. Note that the control populations went through the same lentiviral transduction and transgene induction protocol.
Additionally, we used another experimental design to study the early response of murine primary progenitor hematopoietic cells to Evi1 overexpression, sorting Evi1/EGFP þ and Evi1/ EGFP À cells after 24 h of DOX (microarray analysis in three technological replicas, Supplementary Figures 3c and d) . The two microarray sets obtained from these different experimental systems demonstrated a very similar EVI1 signature (Figure 1b ; Supplementary Figures 3c-f ), characterized by downregulation of genes involved in cell cycle progression, upregulation of genes specific for LT-HSC and upregulation of interferon signaling genes. The interferon signature was not observed in the Evi1/EGFP À cells co-cultured with the Evi1/EGFP þ cells, consistent with the lack of induction of the Interferons by EVI1 and further arguing against an unspecific 'inflammatory' response. The experiment shown in Supplementary Figures 3c and d Table 6 ). To validate the transcriptional response of Cyclin genes important for cell cycle progression, we used realtime PCR. Indeed, all Cyclins investigated were significantly downregulated in Evi1/EGFP þ versus control EGFP þ cells (Figure 2e ). The strongest downregulation was observed for Ccne1, Ccne2, Ccna2, Ccnd1 (Po0.0001), and Ccnd2 (P ¼ 0.0025). Benjamini-Hochberg multiple testing correction confirmed the significance (Ccne1 adj.P ¼ 3.54000E À 09; Ccne2 adj.P ¼ 1.92300 E À 12; Ccna2 adj.P ¼ 7.37375E À 07; Ccnd1 adj.P ¼ 7.37375E À 07; Ccnd2 adj.P ¼ 6.95300E À 03). Interestingly, Ccnd3 was an exception with slight upregulation in the microarrays (1.231-fold, P ¼ 0.02).
Evi1 induction also repressed the Cyclin-dependent kinases, whereas the opposite was true for the cell cycle inhibitory genes encoding p18, p27 and p57. The most prominent effects were seen for Cdkn1c (p57: 2.48-fold elevated, P ¼ 6.21E À 06) and Cdkn1b (p27: 2.173-fold elevated, P ¼ 0.002) ( Supplementary  Table 1, Figure 3a) . Evi1 upregulation for 24 h thus induced a pronounced arrest in G 0 /G 1 (Figure 3b ). This response was dose dependent: cells expressing Evi1/EGFP at the highest level showed an almost complete loss of the S phase (Figures 3c-e) . Importantly, EVI1 protein levels determined by immunoblot correlated well with the mean fluorescence intensity of EGFP and the concentration of DOX used (Figure 3c, Supplementary Figure 5a) . EGFP alone had no effect on the cell cycle, irrespective of the dose (Figures 3d and f) . The quiescence-inducing effect of EVI1 also occurred in cytokine conditions lacking IL3 (STIF cocktail) 24 (Supplementary Figure 5b) .
The initial growth inhibition is followed by enhanced survival of Evi1-expressing myeloblasts To determine how Evi1 confers a selective advantage to cultured murine hematopoietic progenitor cells, Evi1/EGFP and control EGFP mass cultures were grown in liquid cultures in the presence of cytokines for 9-14 days followed by limiting dilution (three independent experiments, Figure 4a) . In an effort to exclude insertional activation of proto-oncogenes due to the lentiviral vector integration, 31 a low transduction rate of Rosa26rtTA Lin À cells (below 10% of EGFP þ cells) was used (experiments 1 and 2). Increasing the transduction rate up to 20% of EGFP þ cells (experiment 3) resulted in the selection of cultures with extended survival from both, Evi1/EGFP and control EGFP groups (data not shown). Abbreviations: ES, enrichment score; FDR, false discovery rate; GO, gene ontology; NES, normalized enrichment score; NOM P, nominal P value. The top 5 scoring gene sets presented. MSigDb collection, C5: GO gene sets.
Early response of hematopoietic cells to Evi1 activation OS Kustikova et al
Strikingly, morphological examination (cytospin analysis, scoring at least 100 cells per condition) revealed a high percentage of myeloblasts and promyelocytes upon ectopic expression of Evi1. In contrast, control EGFP cultures predominantly demonstrated the phenotype of mast cells or mature monocytes (Figure 4a ). Only three cultures obtained after limiting dilution (Evi1/EGFPE9, Evi1/EGFPC6 and EGFPE5) continued growth for maximum 40 days after cryopreservation (Figure 4b) . Thus, despite the initial growth suppression in the first 2 weeks after Evi1 induction, prolonged induction induced a survival advantage for myeloblasts, revealing a relative inhibition of myeloid differentiation. A full transformation to permanent growth was not observed in our experimental system.
To study how Evi1 downregulation influences the fate after long-term cultivation, we washed the cells of the most robustly growing culture, Evi1/EGFPC6, and withdrew DOX. Flow cytometry revealed downregulation of EGFP within 48 h (Figure 4c ). Importantly, cell viability was reduced on day 5, extinguishing the culture until day 7 (Figure 4d ), whereas the DOX-induced control contained healthy cells with proliferating blasts (Figure 4c ). Although Evi1 transcript levels at day 2 were still in the range of 50% on day 0 (Figure 4e ), we found a marked differentiation shift: myeloblasts were lost (from 24 to 5%), while promyelocytes increased (from 24 to 46%; see insert for day 2 in Figure 4c ). These data indicate that Evi1 has a biphasic effect: the early growth inhibition is followed by a survival advantage of myeloblasts, associated with a relative block of differentiation, which depends upon the continued expression of Evi1.
Enhanced survival of Evi1-expressing myeloblasts Having observed that Evi1 inhibits or delays myeloid differentiation in long-term cultured cells (Figure 4c ), we addressed whether the growth suppression observed in freshly induced cells also persisted over time. Interestingly, for all three independent experiments (Figure 4a ), less than 1% of Evi1/EGFP þ cells were observed by flow cytometry at the day of limiting dilution (data not shown), whereas in the EGFP control mass culture almost no loss of marked cells was detected within 14 days of DOX induction. The anti-proliferative effect of Evi1 thus continued for at least 2 weeks in our experimental conditions. In the resulting long-term cultures, insertional or other genotoxic or epigenetic events might have contributed to clonal selection: for example, for the Evi1/EGFPC6 culture, lentiviral integration analysis by LMPCR showed an insertion into the Brca1 locus and for Evi1/EGFPE9 into Angpt1 (data not shown). The integration into Brca1 was intriguing as GSEA revealed that Evi1 overexpression suppressed genes involved in DNA repair (Po0.001), including Brca1 (Supplementary Figures 6a and b) . To identify potential secondary mutations caused by genetic instability, we performed array-based comparative genome hybridization of Evi1/EGFPC6 culture, for which we had sufficient genomic DNA to conduct this analysis. Besides some minor copy number variations, we observed a microdeletion of Cullin3, an E3 ubiquitin ligase associated with hematopoietic lineage priming and transformation (Supplementary Figures 6c and d) . 38 We conclude that both, insertional mutagenesis and Evi1's interference with genomic stability, complicate the study of delayed consequences of its ectopic overexpression.
We thus decided to analyze Evi1's delayed effect on the cell cycle in newly established cultures: Rosa26rtTA Lin À cells transduced with tetP Evi1/EGFP or tetP EGFP vector were maintained as mass cultures in three biological replicas for 3 weeks in the presence of DOX (0.1 or 1.0 mg/ml) and S3F11 TNFSF10, SP110, TDRD7,  IFIH1, USP18, OAS3, ST8SIA4,  PDK4, IRF7, DDX58, PARP12,  TLR3, HERC5, MX1, STAT1,  OAS2, ISG15, IFI44, DDX60,  IFIT1, IFIT3 À 0.83 À 2.42 o0.001 o0.001
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Transcripts upregulated in childhood lymphoblastic leukemia and in breast and ovarian cancer, demonstrating a strong signature of an interferoninduced pathway SP100, ADAR, SP110, IFI30,  TDRD7, BST2, PSME2, IRF9,  RXRA, IRF7, MX1, STAT1,  OAS2, ISG15, UBE2L6, IFI44,  IFIT1, IFIT3 À 0.86 À 2.37 o0.001 o0.001
Abbreviations: 5AZA-dC, 5-Aza-2 deoxycytidine; ES, enrichment score; FDR, false discovery rate; LFS, Li-Fraumeni syndrome; LT-HSC, long-term repopulating hematopoietic stem cell; MPP, multipotent progenitor; NES, normalized enrichment score; NOM P, nominal P value. The top 5 scoring gene sets presented.
cytokine conditions (Supplementary Figure 7a) . Cell cycle analysis comparing Evi1/EGFP þ and EGFP þ expressing cells at day 1 and day 21 after DOX induction perfectly reproduced the early growthinhibitory effect mediated by Evi1 at day 1, even at a reduced level of induction using 0.1 mg/ml of DOX (Figure 5a ). However, after 3 weeks, all cultures including 'no vector' and control (EGFP) predominantly contained resting cells (480% G 0 /G 1 fraction, Figure 5b , (Supplementary Figures 7b-d) . Importantly, closer examination of the cells long-term (21 days) exposed to S3F11 cytokine conditions showed a small (o10%) but significantly increased S phase population in the presence of Evi1 (Figure 5b ). Comparable early and delayed effects of Evi1 were obtained in similar experimental systems when transducing more primitive LSK (Lin neg/lo Sca1 high Ckit high ) Rosa26rtTA cells with tetP Evi1/EGFP or tetP EGFP vectors and inducing gene expression at 1.0 mg/ml DOX (Supplementary Figures 8a and b) . Cytospin analysis of Evi1/EGFP þ and EGFP þ sorted cells at day 23 showed that the maintenance of proliferative activity was connected to the preservation of immature cells (myeloblasts, promyelocytes, myelocytes, metamyelocytes) (Figure 5c ), which together formed B50% of the Evi1-overexpressing population, whereas cells transduced with EGFP only had o10% immature cells left (Figure 5d , represented as mean ± s.d., n ¼ 4 (combined Rosa26rtTA Lin À and LSK data), ***P ¼ 0.0004). Collectively, our data indicate that Evi1 induction, while impeding cell cycle progression by a concerted repression of Cyclins and Cyclindependent kinases and activation of the respective inhibitors (Cdkn family), maintains a low but significant level of proliferative activity under conditions that lead to an irreversible differentiation of regular hematopoietic cells.
DISCUSSION
To investigate the response of hematopoietic progenitor cells to Evi1 upregulation, we established an inducible lentiviral vector, allowing clear separation of induced and control populations. As our attempts to generate high-titer lentiviral vectors were unsuccessful when using vectors with a conventional cDNA, we codon-optimized the expression unit. The resulting vectors had sufficient titers and mediated a robust expression switch, allowing the assessment of dose-dependent effects from a low-vector copy number. Using this system, Evi1 overexpression confers a selective advantage to primary hematopoietic progenitor cells that are cultured long-term in a myeloid cytokine cocktail. This observation perfectly recapitulates findings made with insertional upregulation of the endogenous allele. 12 In cells adapted to Evi1 overexpression, its withdrawal induced a myeloid differentiation shift followed by rapid cell death, similar to observations made after transfection of a tetracyclin-inducible human (non codonoptimized) EVI1 construct in U937 cells. 15 Thus, basic functional properties of Evi1 induction and adaptation were recapitulated in our approach.
Microarray studies of freshly transduced primary hematopoietic cells 24 h after Evi1 induction revealed the regulation of important HSC markers (Aldh1a1, Abca1, Cdkn1b, Cdkn1c, Epcam, Hoxa5, Hoxb5, Ly6a (Sca1), Pbx1 and Slamf1, among others). In line with and extending recent reports, 8, 10 the EVI1 protein can thus be viewed as a master regulator and not a consequence or simple marker of the HSC status.
The main focus of the present study is the negative impact of Evi1 upregulation on cell proliferation hematopoietic progenitor a c b cells, which may be paradoxical at first glance, as Evi1 is a potent oncogene connected to high-risk AML. 6, 7, 16 However, in a progressive clonal disease such as AML, adaptive genetic or epigenetic events, such as the unregulated activation of the RAS pathway 13, 39, 40 may compensate initial anti-proliferative effects of Evi1. Such compensatory genes could be located on the human chromosome 7, explaining the selection for monosomy 7 in AML, although our analyses gave no clear evidence that Evi1 suppresses gene sets located on the human chromosome 7 (data not shown). Also relevant to the tumorigenic potential of Evi1 upregulation is the question whether the cell cycle arrest observed in our study reflects a canonical senescence pattern. As the cell cycle break induced by Evi1 was immediate, this pattern of 'oncogeneinduced quiescence' is distinct from the well-known senescence observed after DNA damage or proliferation-inducing oncogenes such as RAS. 41, 42 While DNA repair genes were downregulated after Evi1 induction, potentially contributing to the genetic instability associated with its overexpression, 43,44 genotoxic stress was not found to trigger an immediate cell cycle arrest. 41 In further support of this distinction is our finding of a downregulation of Trp53 (FC ¼ 0.58; Po0.0001) as the immediate response to Evi1 induction. While the upregulation of interferon-response genes (Table 3, Supplementary Table 4) , has been identified in senescent cells, 35, 42 we found this signature to be conserved in fully transformed human AML associated with EVI1 upregulation (Supplementary Figure 9) . 45 Furthermore, we found the Evi1 response to be associated with a block of differentiation and the preservation of a small fraction of proliferating cells. The rapid quiescence evoked by Evi1 induction thus cannot be interpreted as the canonical pattern of either oncogene-induced or proliferative senescence. The velocity of the response to Evi1 is rather reminiscent of the Pten-loss induced cellular senescence previously described for epithelial cells and fibroblasts, 46 not necessarily arguing that Evi1-mediated suppression of Pten, 16 is the causal event in our system. Nevertheless, we would propose that oncogenic events inducing immediate quiescence (such as Pten loss or Evi1 upregulation) synergize with oncogenes that tend to induce proliferative senescence (RAS type) in the establishment of highly malignant, therapy-resistant cancers. The time to progression would thus only depend upon the acquisition of a crucial compensatory mutation. Our experimental data, further supported by mathematical modeling (data not shown), suggest a selection for 'just the right' dose of Evi1 induction. This profound dose dependence may contribute to the emergence of defined clusters of common insertion sites after retroviral insertional mutagenesis, 5, 44, 47 by counterselecting integration sites inducing a too high induction of Evi1. However, malignant cells with genetic or epigenetic induction of proliferative pathways may tolerate higher Evi1 levels better than naïve primary cells.
Focusing on cell cycle-associated genes, we showed a concerted and dose-dependent downregulation of Cyclin genes and associated Cdks by EVI1, and an increase of the inhibitory Cdkns, predominantly Cdkn1c (p57). The latter is essential for maintaining the quiescence of HSC, 48 and is induced by ME, the N-terminally extended variant of EVI1 containing an additional PR-domain, in vivo. 9 In synopsis of this recent report and our data, we suggest that EVI1 and ME share the property of p57 induction, although this has not been found in another experimental setting. 9 Further experiments are required to explain the underlying variables. In line with our data, Konrad et al. 15 saw a strong, dose-dependent cell cycle blockade mediated by human EVI1 in U937 cells, however without addressing the transcriptional response. The profound survival signal elicited by Evi1 overexpression is also compatible with this previous report, 15 which however, could not address the complex dynamics of proliferation and differentiation that we detected in our primary cell system.
Our data thus suggest a direct role of Evi1 to confer resistance to proliferation and differentiation signals, and the magnitude of this effect might be dependent on the cytokine milieu. This may well contribute to the observed context dependence in the selection of EVI1 mutants observed in different gene therapy settings and non-human primate models. 4, 19, [49] [50] [51] [52] Although we assessed the response to Evi1 induction at an early time point (24 h), it remains to be determined which genes are direct transcriptional targets of this transcription factor. Altogether, our study establishes Evi1 activation as an inducer of proliferative quiescence, but not as an inducer of completely irreversible senescence, coupled to a relative inhibition of differentiation. This function fits to its role in MDS as a slow disease, and in AML of poor prognosis, refractory to cytotoxic antiproliferative drugs. Preleukemic dominance as a result of spontaneous chromosomal rearrangements or transgene integration events may thus be related to the better sleep of clones with induction of Evi1, rendering cells more refractory to the differentiation signals of stress hematopoiesis. Similar effects may be mediated by related genes such as Prdm16.
5,53-55 Finally, our data suggest that for AML to develop after Evi1 induction, selection for additional mutations must occur, possibly in pathways that are suppressed by Evi1 activation or compensate its anti-proliferative effects.
We are aware of the limitation that our data were obtained in cultured murine hematopoietic progenitor cells. Of note, we and others found that prolonged ex vivo culture selects repopulating hematopoietic cells with insertional upregulation of Evi1, 11, [17] [18] [19] indicating that our findings are relevant in the context of genetic cell modification. Our inducible system may also be useful to study the immediate effect of Evi1 overexpression on various hematopoietic subpopulations, including bona fide HSC. Additional in vivo experiments need to test the validity of the mechanisms and molecular targets suggested by the present study.
